The surface epithelial cells of the stomach represent a major component of the gastric barrier. A cell culture model of the gastric epithelial cell surface would prove useful for biopharmaceutical screening of new chemical entities and dosage forms. Primary cultures of guinea pig gastric mucous epithelial cells were grown on filter inserts (Transwells ® ) for 3 days. Tight-junction formation, assessed by transepithelial electrical resistance (TEER) and permeability of mannitol and fluorescein, was enhanced when collagen IV rather than collagen I was used to coat the polycarbonate filter. TEER for cells grown on collagen IV was close to that obtained with intact guinea pig gastric epithelium in vitro. Differentiation was assessed by incorporation of [ 3 H]glucosamine into glycoprotein and by activity of NADPH oxidase, which produces superoxide. Both of these measures were greater for cells grown on filters coated with collagen I than for cells grown on plastic culture plates, but no major difference was found between cells grown on collagens I and IV. The proportion of cells, which stained positively for mucin with periodic acid Schiff reagent, was greater than 95% for all culture conditions. Monolayers grown on membranes coated with collagen IV exhibited apically polarized secretion of mucin and superoxide, and were resistant to acidification of the apical medium to pH 3.0 for 30 min. A screen of nonsteroidal anti-inflammatory drugs revealed a novel effect of diclofenac and niflumic acid in reversibly reducing permeability by the paracellular route. In conclusion, the mucous cell preparation grown on collagen IV represents a good model of the gastric surface epithelium suitable for screening procedures. (Journal of Biomolecular Screening 2005:495-507) 
INTRODUCTION
M ONOLAYERS OF GASTROINTESTINAL CELL LINES such as Caco-2, 1 2/4/A1, 2 and IEC-18 3 have been grown on membrane cups (Transwells ® , Corning Life Sciences, Schiphol, The Netherlands), which can be inserted into standard tissue culture plates and used as models of the small intestinal epithelium suitable for drug permeability screening procedures. However, orally administered drugs and dosage forms first come into contact with the gastric epithelium. The stomach surface is covered with a simple columnar epithelium of surface mucous cells that also go some distance down invaginations called the gastric pits. These cells are structurally and functionally distinct from the intestinal cells represented by the cell lines mentioned above. 4 In the acid-secreting (fundic) region of the stomach, gastric glands are present below the pits, with the predominant cell types being mucous neck cells, acid-secreting parietal cells, and chief cells, which secrete pepsinogen. All of these cells make up the mucosal layer, beneath which is a submucosa and muscle layers. 4 The surface epithelial cells of the mucosa represent a major component of the gastric barrier. We sought to use Transwells to develop a primary culture model of the gastric surface suitable for biopharmaceutical screening of new chemical entities and dosage forms. In particular, there is a need for a preparation suitable for screening compounds and dosage forms for their effects on the integrity of the gastric barrier, one that will assess the effects of such agents on cellular viability and on gastric paracellular permeability. A critical feature of any such preparation is that it function in the presence of a reduced luminal pH, since resistance to acid will enable examination of the effect of the low gastric pH on drug uptake, particularly the possibility of intracellular trapping of drugs with a low pKa.
Only 1 primary culture of gastric cells appears to have been grown on Transwells and to have been fully characterized. 5 Canine gastric mucosal cells formed a monolayer with a resistance of greater than 1000 Ω•cm 2 , but the monolayer was composed of 65% pepsinogen-secreting chief cells and 24% acid-secreting parietal cells and therefore is a model for the interior of the gastric gland rather than the surface of the epithelium. Guinea pig gastric mucous cell monolayers were established on fibronectin-coated collagen I gel cups, but the maximal resistance, 272 Ω•cm 2 , 6 was lower than obtained with intact mucosa, 715 Ω•cm 2 , 7 and the preparation was not fully characterized with respect to tight-junction formation, differentiation, and polarity. Although the chief/parietal cell preparation exhibits some resistance to luminal acid, 5 as far as we are aware this property has never been investigated in any cultured preparation of gastric surface epithelial cells.
The aim of the present work was therefore to grow guinea pig gastric epithelial cells on Transwells and to use permeability of fluorescein and mannitol and transepithelial electrical resistance (TEER) as indices of tight-junction formation. The synthesis and secretion of mucin and superoxide will be used as indicators of differentiation and polarity. Mucin was chosen as a marker because the apical release of mucin to form an extracellular layer of mucus is a major function of gastric surface cells that protects the epithelium. 8 The production of superoxide by NADPH oxidase has recently been shown to be a property of both guinea pig 9 and human 10 gastric surface cells. The enzyme is not present in other gastric cells 10 and is therefore a useful marker of differentiated gastric surface cells. Furthermore, although the directionality of superoxide release has not been established, it could be a useful index of polarity. To illustrate the application of the preparation as a screen, the effect of nonsteroidal anti-inflammatory drugs (NSAIDs), which are known to exert effects, including damage, on gastric mucosa in vivo, 11 were investigated. TEER, cell viability (3-(4,5-dimethyl-2thiazoyl)-2,5-diphenyl-2H-tetrazolium bromide, MTT assay), and the permeability of the paracellular marker mannitol 2 and the transcellular marker propranolol 2 were measured.
We demonstrate that a monolayer of differentiated and polarized gastric surface cells can be established on Transwells coated with collagen IV and that the monolayer exhibits resistance to acidification of the apical medium. We further show that the preparation can be used as a screen to identify a novel pharmacological activity of certain NSAIDs.
MATERIALS AND METHODS

Animals
Dunkin-Hartley guinea pigs of 200 to 400 g body weight (3-8 weeks old) were obtained from B&K Universal Limited (Grimston, East Yorkshire, UK) and were fed on SDS Economy guinea pig diet supplied by Lillico (Betchworth, Surrey, UK). 
Materials
Isolation of cells
Cell isolation was based upon a method previously described by Ashton and Hanson. 12 Fundic mucosa was minced with fine scissors and incubated with isolation medium (RPMI 1640, 2 g/L bovine serum albumin) containing 0.5 mg/L pronase for 20 min at 37°C, shaking at 120 cycles/min and gassing with 95% O 2 5% CO 2 . After centrifugation at 250g for 2 min at 15°C, tissue was resuspended in isolation medium containing 0.4 mg/L collagenase and incubated for 40 min at 37°C as described above. The contents of the flask were filtered through a 150 µm nylon mesh, centrifuged as previously, and the pellet was resuspended under sterile conditions in RPMI 1640 containing 10% fetal calf serum, 100 u/ mL penicillin, 100 µg/mL streptomycin, 2.5 µg/mL amphotericin B, and 10 ng/mL epidermal growth factor (culture medium). The cells were centrifuged again and resuspended in culture medium at around 10 6 cells per mL. Experiments to assess monolayer formation were performed with Transwells fitted with polycarbonate membranes of 24 mm diameter, 3 or 0.4 µm pore size (1.5 mL of cell suspension per well). Cells grown on Transwells were compared with those grown on 6-well plastic culture plates (Gibco, 2 mL cell suspension per well) to establish the impact of apical and basal compartments on the incorporation of [ 3 H]glucosamine into glycoprotein and on the production of superoxide; 12-mm Transwells with 0.4 µm polycarbonate membranes (0.5 mL of cell suspension per well) were used for experiments on the effects of acidification of the apical medium and for screening. The medium was changed at 24 h and 48 h. At 72 h, cells were fully confluent, and unless described to the contrary, experiments were initiated at that time.
Coating of Transwells
Transwells were coated by incubation for 6 h at 37°C with 0.1 mg/mL solutions of collagen type IV from human placenta, or type I collagen from rat tail (dissolved in 0.04 M and 0.1 M acetic acid, respectively). In some experiments, mouse laminin was added to the collagen IV solution at a concentration of 10 µg/mL. Transwells were subsequently dried overnight under ultraviolet illumination and incubated for 1 h with culture medium before use.
Measurement of permeability of monolayers
Hank's Balanced Salt Solution (HBSS) containing 10 µg/mL fluorescein or [ 14 C]mannitol (0.45 µCi/mL, 7.75 µM), was added to the apical compartment, with HBSS alone in the basal compartment, and the Transwells were transferred onto the gently tilting (1.5 cycles/min) platform of a hybridization oven at 37°C. Transwells were moved to fresh HBSS at 5 min intervals for up to 30 min. Fluorescein in samples from the receiving wells was determined by measurement of the fluorescence (excitation at 485 nm, emission at 525 nm by using a plate-reading spectrofluorometer (Molecular Devices, Sunnyvale, CA). The [ 14 C]mannitol was assessed by scintillation counting.
Transepithelial electrical resistance
Transepithelial electrical resistance (TEER) was measured by directly inserting chopstick electrodes (EVOM TM epithelial voltohmmeter, World Precision Instruments, Sarasota, FL) in the cell Transwell inserts. The resistance was expressed as transmembrane resistance (ohms•cm 2 ) after subtraction of the intrinsic resistance of cell-free inserts.
Acidification of the apical medium
Acidification of what was to become the apical medium was achieved by adding 5 M HCl to HBSS in a vial with constant stirring, in the presence of a pH electrode, until a correct and stable pH was achieved. The experiment was then initiated by removing the apical medium from the Transwell and replacing it with appropriately acidified HBSS. Transwells were transferred to plates in which the basal medium was fresh complete culture medium without epidermal growth factor. Complete culture medium was used to improve buffering of the basal aspect of the cells.
Superoxide production
Wells were washed 3 times with warm phosphate-buffered saline solution (PBS; 138 mM NaCl, 2.7 mM KCl, 10 mM phosphate pH 7.4) and incubated for 1 h with HBSS containing 80 µM cytochrome C. Superoxide dismutase (SOD; 100 u/mL) was added to reference wells. Superoxide release was measured as the SOD-inhibitable reduction of cytochrome C at 550 nm, with the reference set at 490 nm and an extinction coefficient of 27.9 mL•nmol -1 •cm -1 . Cells were then removed from wells by incubation with Trypsin/EDTA, washed with ice-cold PBS, and dissolved in PBS/1% (v/v) Triton X-100. Protein was assayed by using the bicinchoninic acid assay, with bovine serum albumin as standard.
Glycoprotein synthesis and secretion
After 52 h of culture, the medium was replaced by complete medium containing 2 µCi/mL of D-[6-3 H]glucosamine hydrochloride, and the plate was then returned to the incubator for 18 h. Afterward, the medium was removed, cells were rinsed with HBSS, and they were incubated with fresh HBSS for 1 h at 37°C on a tilting platform. Apical and basal media were removed and centrifuged at 10,000g for 30 s to remove any suspended cells. The supernatants, plus 15 mg of bovine serum albumin, were mixed with trichloracetic acid (final concentration 10% (w/v)) and phosphotungstic acid (final concentration 1% (w/v)). Cells were obtained by treatment of wells with trypsin/EDTA, and washed pellets were similarly extracted with 10% trichloracetic acid/1% phosphotungstic acid. Precipitated glycoproteins were dissolved in 0.1 M NaOH/1% (w/v) sodium dodecylsulfate and assayed for radioactivity and total protein (cell samples only).
Staining and immunocytochemistry
Cells were fixed in situ on filters, or after detachment by using trypsin/EDTA, with 4% (w/v) paraformaldehyde in PBS. Detached cells were transferred to microscope slides by using a cytocentrifuge (Shandon Instruments, Astmoor, UK) and stained with periodic acid Schiff reagent. 13 Nuclei were stained with Hoechst 33258. For immunocytochemistry, filters were washed in PBS after fixation, permeabilized with 0.1% (w/v) Triton X-100 in PBS for 10 min, blocked with 4% (w/v) defatted milk in PBS for 30 min, incubated with a 1:25 dilution of rabbit antirat gastric mucin antibody 14 for 1 h at room temperature, washed, and finally exposed to 1:50 dilution of FITC-conjugated antirabbit IgG in PBS/milk for 30 min at room temperature.
Immunoblotting
Assessment of glycoprotein secretion was performed as above except that the cells were not preincubated with [ 3 H]glucosamine. HBSS from 3 wells was pooled, dialyzed against 2 × 2 L of water for 48 h at 4°C, and freeze-dried. Material was taken up into electrophoresis sample buffer without dithiothreitol and subjected to SDS polyacrylamide gel electrophoresis using a 4% stacking gel and an 8% separating gel. A 1:1000 dilution of rabbit antirat gastric mucin antibody was employed for immunoblotting with detection by enhanced chemiluminescence. Cell samples, obtained by treatment with trypsin/EDTA, washed with PBS containing 100 µg/mL of trypsin inhibitor, and dissolved into hot electrophoresis sample buffer, were separated by electrophoresis (25 µg protein per lane) and analyzed by immunoblotting using rabbit antihuman p67phox antibody at a dilution of 1:1000.
Screening of nonsteroidal anti-inflammatory drugs
To validate the preparation as a tool to screen for effects of novel pharmaceutical agents and dosage forms on the gastric surface epithelial layer, it was necessary to investigate a range of compounds likely to affect surface gastric cells. Since NSAIDs are reputed to directly damage the gastric epithelial cell surface, 11 we decided to screen a range of these compounds for such effects using the assays described below. Experiments investigating topical damage by NSAIDs on cultured gastric mucosal cells have been performed previously at neutral pH. 15 The resistance of the present preparation to apical acid enabled experiments to be performed for the 1st time at pH 3.0. However, the low solubility of NSAIDs at this pH 16 restricted the concentration to 25 µM. Consequently, both surfaces of the cell monolayers were exposed to a 25-µM concentration of the nonselective NSAIDs 17 ibuprofen, diclofenac, naproxen, and indomethacin, to the cyclooxygenase-1 selective inhibitor SC 560 18 and the cyclooxygenase-2 selective inhibitor SC 58125 17 for 90 min. The apical medium was HBSS adjusted to pH 3.0 with HCl, the basal medium was complete tissue culture medium without epidermal growth factor. TEER was recorded after 60 min of exposure to NSAIDs, and after 90 min, the apical medium was replaced with HBSS containing [ 3 H]propranolol (0.064 µCi/mL, 10 µM) and [ 14 C]mannitol (0.9 µCi/mL, 15.5 µM), and transfer of these compounds to a basal medium of HBSS was measured as described above in the absence of NSAIDs. Finally, the apical medium was changed to HBSS containing 0.5 mg/mL of MTT, and the Transwells were incubated in fresh basal HBSS for 2 h at 37°C. Media were removed, the MTT was extracted overnight in 50% isopropanol, 20 mM HCl, and absorbance was measured at 570 nm.
A 2nd screen was performed as above except that during the 90 min challenge period, culture medium at pH 7.4, and without epidermal growth factor, was used in both compartments, which contained a somewhat different selection of NSAIDs at 1 mM because of the insolubility of SC 560 and SC 58125 at this concentration. The higher concentration of NSAIDs used here was intended to provide further information about the potential of NSAIDs to cause damage, but also to reveal other pharmacological effects of this group of compounds, which generally are only exhibited at high concentration. Transwells containing 0.4 and 2.0 mM chenodeoxycholate were used as a positive control for damage. 19 Also, apical-to-basal transfer of propranolol and mannitol was measured both during and after exposure to NSAIDs. The use of complete culture medium during the 90-min challenge period meant that a longer exposure to agents could have been used if necessary. TEER was measured both before and 75 min after exposure to NSAIDs. In both screens, NSAIDs were dissolved in dimethylsulfoxide at a concentration 1000 times higher than the final concentration and diluted into media, the only exception being piroxicam, which was added directly to the medium. The final concentration of dimethylsulfoxide was 0.1% v/v in all media, including control media.
Statistical analysis
Results are means ± SEM from n separate cell cultures. Unless stated otherwise, data were analyzed for the effect of different experimental conditions by analysis of variance, which removed the effect of underlying variation between experiments, followed by a Newman-Keuls or a Dunnett multiple comparison test. In the screening procedure, test results for each plate were compared with data for duplicate control wells on the same plate.
RESULTS
Pilot experiments
Examination of cultures using a microscope indicated that both individual cells and small clumps initially attached to the support, with the clumps disappearing as the monolayer developed. Increasing the time of digestion of mucosal tissue with collagenase from 20 to 40 min reduced the size of the clumps, and together with agitation 1 h after plating, improved monolayer formation (Table  1 ). Other factors that promoted monolayer formation were reducing the pore size of polycarbonate membranes from 3 to 0.4 µm, coating of membranes with collagen I, and including epidermal growth factor (10 ng/mL) in the culture medium. A variety of other modifications in procedure had no effect or impaired monolayer formation ( Table 1) .
Effect of the matrix on tight-junction formation by gastric epithelial cells
In these experiments, cells were grown on polycarbonate membranes of 24-mm diameter and 0.4-µm pore size because of the better monolayer formation under these conditions. Apical-tobasal transfer of fluorescein was measured over the period 5 to 20 min ( Fig. 1A ). Apparent permeabilities (P app ) for monolayers grown on collagen IV and collagen IV plus laminin were (n = 3) 0.67 × 10 -6 ± 0.13 × 10 -6 cm/s and 0.74 × 10 -6 ± 0.12 × 10 -6 cm/s, respectively, and were lower (p < 0.05) than for cells grown on collagen I, where P app was 1.13 × 10 -6 ± 0.26 × 10 -6 cm/s. P app values for apical-to-basal transfer of mannitol over the period 5 to 20 min ( Fig. 1B) with monolayers grown on collagen IV and collagen IV plus laminin were (n = 4) 2.12 × 10 -6 ± 0.52 × 10 -6 cm/s and 2.16 × 10 -6 ± 0.53 × 10 -6 cm/s, respectively, and were lower (p < 0.01) than for cells grown on collagen I, where P app was 3.68 × 10 -6 ± 0.84 × 10 -6 cm/s. There was some variation in overall permeability between experiments, and it was necessary to use analysis of variance to remove this underlying effect. Nevertheless, the effect of matrix was very consistent between experiments, with the P app values for transfer of fluorescein and mannitol on filters coated with collagen IV being, respectively, 61% ± 3% and 58% ± 5% of filters coated with collagen I. Apical-to-basal transfer of fluorescein across the Transwells in the absence of a monolayer was rapid and nonlinear with respect to time, with >50% of apical material transferred in 1 h. The time course of transfer in the absence of cells was unaffected by the matrix used to coat the membrane of the Transwell. TEERs for cells grown on Transwells coated with collagen I, collagen IV, and collagen IV plus laminin, after subtraction of the resistance of the Transwell in the absence of cells, were 514 ± 60 ohms•cm 2 , 748 ± 88 ohms•cm 2 , and 709 ± 87 ohms•cm 2 , respectively (6 preparations in each case, with a significant difference [p < 0.01] between collagen I and the other 2 matrices). In the absence of cells, resistances were 495 ± 5 ohms•cm 2 , 490 ± 8 ohms•cm 2 , and 499 ± 6 ohms•cm 2 for Transwells coated with collagen I, collagen IV, and collagen IV plus laminin, respectively, with no significant effect of the coating on electrical resistance (analysis of variance). A significant (p < 0.01) inverse linear relationship between TEER and permeability was evident when data for a number of separate preparations were plotted (Fig. 2) . Consequently, preparations in which tight-junction formation was poor could be rejected for use in screening by an initial measurement of the TEER for the monolayer. Variation between TEER for Transwells within an experiment was low. For example, in the experiments used for screening (Table 2) , the coefficient of variation for TEER was 7% (68% of the measurements within ±7% of the mean). 
Modeling the Gastric Epithelial Surface
Effect of the matrix on glycoprotein synthesis and secretion by gastric epithelial cells
Incorporation of [ 3 H]glucosamine into glycoprotein was increased when cells were grown on uncoated Transwells or Transwells coated with collagen I compared with tissue culture plastic (p < 0.01; Fig. 3 ). Incorporation of [ 3 H]glucosamine was not substantially affected by growing cells on membranes coated with collagen IV rather than collagen I (Fig. 3) . Cells grown on either collagen I or collagen IV released material labeled with [ 3 H]glucosamine, which was precipitatable by 10% (w/v) trichloracetic acid and 1% (w/v) phosphotungstic acid into both basal and apical media (Fig. 4A ). However, an antibody to native rat gastric mucin only recognized material released into the apical medium of cells grown on Transwells coated with collagen IV (Fig. 4B ). The position of this material, at the top of a 4% polyacrylamide gel, was similar to that found previously for purified rat gastric mucin. 14
Effect of the matrix on NADPH oxidase activity in gastric epithelial cells
NADPH oxidase activity can be estimated by the reduction of cytochrome C by superoxide, which is inhibitable by superoxide dismutase. Activity was increased when cells were grown on Transwells or Transwells coated with collagen I, by comparison with cells grown on tissue culture plastic (Fig. 5A ). There was also an increase, relative to Transwells alone, effected by coating Transwells with collagen I. Treating Transwells with collagen IV rather than collagen I did not further increase superoxide production, but the proportion of superoxide that was apically directed was increased such that the monolayer exhibited a significantly (p < 0.01, t-test) polarized distribution of this radical (Fig. 5B) .
Immunoblotting demonstrated that a key component of the NADPH oxidase system, p67-phox, was increased in cells grown on Transwells and Transwells coated with collagens I and IV relative to cells grown on tissue culture plastic. 
Proportion of mucous cells and imaging of mucin granules
Greater than 95% of the cells stained positively for mucous glycoprotein whether they were grown on tissue culture plastic, uncoated Transwells, or Transwells coated with collagen I or collagen IV. The results for cells grown on Transwells coated with collagen IV are given as an example (Fig. 6A,B ). Optical sections (x-y plane) of monolayers, grown on collagen IV, were taken with a confocal microscope moving from the top of the monolayer down through the cells to the filter (Fig. 6C,D,E) . These demonstrated that the mucin granules were predominantly located above the nuclei-the nuclei are identified as dark circular regions in Figure 6E .
Response of gastric surface cells grown on collagen IV to apical acidification
The higher TEER and lower permeability to mannitol of monolayers grown on Transwells coated with collagen IV, rather than collagen I, indicated that tight-junction formation was better with a collagen IV matrix (see Discussion). Cells grown on this matrix were also the only ones to exhibit a significantly polarized (apical bias) release of superoxide. Consequently, cells grown on Transwells coated with collagen IV were selected for investigation of the resistance of the preparation to apical acidification because this was likely to be greater, the better the tight junctions, and the more physiological the organization of the monolayer. Two different sets of experiments were performed, each with several batches of cells. The 1st (Fig. 7A ) investigated the effect of mild, and what turned out to be transient, acidification. In the 2nd protocol, the effects (Fig. 7B ) of more severe reductions in luminal pH were explored.
In both designs, there was a significant increase in apical pH relative to initial pH over the 30 min incubation (Fig. 7A) . When the initial pH was 4 or above, the final pH was close to neutrality, and therefore apical acidification was only transient. However, acidification to pH 3.0 or below produced a sustained reduction in apical pH (Fig. 7A ). An initial apical pH of 6, 5, 4, or 3 produced an elevation in final TEER relative to that at pH 7, but this was not seen when the initial pH was 2 or 1.5 (Fig. 7B) . Mannitol transfer showed a graded reduction with decreasing initial pH over the range 7 to 4 ( Fig. 7C) , with analysis of variance followed by a Dunnett test showing the P app at pH 4, 1.1 × 10 -6 ± 0.13 × 10 -6 cm/s, to be significantly lower (p < 0.05) than that at pH 7, 1.8 × 10 -6 ± 0.46 × 10 -6 cm/s (n = 3). The sustained reduction in pH caused by acidification to pH 3 gave a P app of 0.61 × 10 -6 ± 0.2 × 10 -6 cm/s, which was significantly lower (p < 0.05, paired t-test) than that at pH 7, 1.8 × 10 -6 ± 0.43 × 10 -6 cm/s (n = 3). Although mannitol transfer at an initial pH of 2 and 1.5 started out low relative to pH 7, it increased during the incubation, this effect being particularly noticeable at pH 1.5 (Fig. 7D) .
Screening of NSAIDs
In the first screen, exposure to ibuprofen, diclofenac, naproxen, indomethacin, SC 58125, or SC 560, all at 25 µM and at pH 3.0, did not prevent the enhancement of TEER (Ω•cm 2 , n = 3) by acid compared to pH 7.4. TEER results were as follows: pH 7.4 control 365 ± 23; pH 3.0 control 1171 ± 13; pH 3.0 plus NSAIDs (in the same order as above) 1102 ± 93, 949 ± 59, 1082 ± 235, 1169 ± 144, 1103 ± 201, 1013 ± 50 (all results significantly different [p < 0.05] from pH 7.4 by Dunnett test, but no difference for any NSAID in comparison with the pH 3.0 control). Subsequent assay of the apical-to-basal transfer of mannitol and propranolol at pH 7.4, and an MTT assay, did not show any differences between any of the treatments (data not shown).
Because a standard dose of an NSAID such as diclofenac sodium salt dissolved in 250 mL of water gives a concentration of 0.94 mM, and because NSAIDs are known to have pharmacological activity not connected with inhibition of cyclooxygenase 20 at higher concentrations, NSAIDs were used at 1 mM in a 2nd screen. The major finding was that diclofenac and niflumic acid increased TEER and decreased mannitol permeability during exposure to the NSAID ( Table 2) . Removal of the NSAID in the 1st case completely, and in the 2nd case partially, reversed the effect. Indomethacin increased mannitol transfer both during and after exposure without an effect on TEER. Chenodeoxycholate 0.4 mM produced a drop in TEER and an irreversible increase in mannitol transfer but had no effect on the result for the MTT assay; 2 mM chenodeoxycholate virtually abolished TEER, produced a massive increase in mannitol permeability and virtually abolished cell viability, as indicated by the MTT assay ( Table 2) .
DISCUSSION
The main findings of the present work were firstly that a collagen IV matrix was required to provide an optimal monolayer of differentiated and polarized gastric epithelial cells that acted as a permeability barrier. Collagen IV was superior to collagen I in promoting tight-junction formation and the formation of a polarized monolayer (see below). Secondly, such monolayers retained viability in the presence of luminal acid and exhibited a physiological response to a drop in luminal pH. Thirdly, a screen of NSAIDs identified an apparently novel effect of niflumic acid and diclofenac on permeability by the paracellular route. The mechanism of this interesting observation requires investigation, but such studies are beyond the scope of the present work.
Pilot experiments concentrated on achieving monolayer formation within 3 days of culture. Increased time of digestion of mucosal tissue with collagenase facilitated monolayer formation, probably by reducing the size of cell clumps, and gentle agitation of cultures 1 h after plating was successful, presumably because a more uniform spread of attached cells was achieved. Epidermal growth factor most likely aided monolayer formation by promoting cell growth. 21 Enrichment of mucous cells before plating by density gradient centrifugation 6 proved to be unhelpful and was not necessary for mucous epithelial cells to be predominant after 72 h of culture. Finally, the rather low Ca 2+ concentration of 0.4 mM in RPMI 1640 medium appeared adequate for tight-junction formation.
Mannitol and fluorescein are thought to cross epithelial monolayers by passing through the tight junctions between cells rather than by the transcellular route. [1] [2] [3] Consequently, a reduced permeability to mannitol and fluorescein indicates better tightjunction formation. Since permeability to mannitol and fluorescein was significantly lower for cells grown on collagen IV rather than those grown on collagen I, tight-junction formation was better with the former matrix. The TEER is also determined, at least in part, by the resistance to ion flux through the tight junctions. [1] [2] [3] Consequently, the higher TEER obtained for cells grown on collagen IV rather than collagen I further supports the use of the former matrix to support tight-junction formation.
Gastric epithelial tight junctions are subject to regulation by extracellular signaling molecules such as hepatocyte growth fac-tor. 22 It is therefore possible that signaling from the extracellular matrix via integrins could also modulate tight junctions. Indeed, collagen, together with Ca 2+ activation of E-cadherin, seems important in the early stages of tight-junction formation between MDCK cells. 23 The difference obtained here between cells grown on collagen I and those grown on collagen IV may relate to the difference in the structure of these matrices. Collagen IV forms a meshwork, is a normal constituent of basement membrane, and is structurally different from the fibrillar collagen I. 24 The 2 forms of collagen may differ in their interaction with cellular integrins. 24 No improvement in permeability characteristics of the monolayer was found if laminin was added to the collagen IV solution used to coat the Transwells. Although laminin is a normal component of the basement membrane, it may not be an essential component for monolayer formation in this system. Alternatively, other basementmembrane proteins may be required for laminin to interact with collagen IV. 24 The TEER for gastric epithelial monolayers grown on collagen IV-coated Transwells was 748 Ω•cm 2 , which is higher than corresponding values for the intestinal cell lines: Caco-2 cells, 2 234 Ω•cm 2 ; 2/4/A1 cells, 2 25 Ω•cm 2 ; and IEC-18 cells, 3 50 Ω•cm 2 , and most important is close to that obtained with intact guinea pig gastric epithelium, 715 Ω•cm 2 . 7 Mannitol permeability (P app ) across the gastric monolayer was 1.6 × 10 -6 cm/s, which is lower than that for 2/4/A1 cells, 2 15.6 × 10 -6 cm/s, and IEC-18 cells, 3 12 × 10 -6 cm/ s, but higher than that for Caco-2 cells, 0.24 × 10 -6 cm/s, the lower paracellular permeability of which may be explained by their colonic origin. 2 These comparisons suggest the formation of a reasonably tight monolayer of gastric epithelial cells.
There was some variation in permeability to mannitol between monolayers grown on collagen IV, with a significant inverse linear relationship between mannitol permeability and TEER. A similar linear relationship between permeability to mannitol and TEER can be derived by plotting data from Caco-2 cells 25 at different stages of culture, with the slope for the latter relationship being 1.5 times that for the present preparation. An initial survey of TEER should enable only those preparations in which tight-junction formation was satisfactory to be used for screening purposes. The finding of low variation in TEER between Transwells within preparations is important, as it facilitates the use of the system as a reliable screen.
Incorporation of glucosamine into glycoprotein was considerably enhanced by growing cells on Transwells, but a major influence of collagen I or collagen IV was absent. Labeled glycoproteins were released into both apical and basal compartments, but immunoblotting experiments showed that only the material released into the apical compartment was mucin. The basally secreted material could represent proteoglycan. The increased incorporation of labeled glucosamine into cells grown on Transwells relative to culture plates may simply represent an enhanced access of label to the cells; however, it should be noted that another marker of differentiation, NADPH oxidase activity (see below) was also enhanced by growing cells on Transwells. Although oth-ers 26 have used incorporation of labeled glucosamine into material precipitatable by trichloracetic and phosphotungstic acids as an index of mucin synthesis, the present data suggest that this is an oversimplification, and that such measurements may not be particularly useful to differentiate between culture conditions. The demonstration by immunoblotting of the apical secretion of mucin served to demonstrate a polarized organization of the cells grown on filters coated with collagen IV. Furthermore, localization of mucin granules by confocal microscopy showed that most were supranuclear, which again supports a polarized organization of the cells. Mucin granules in some cells appeared to be higher above the filter than in others. Although this result could reflect irregularity in the height of cells in the monolayer, it might also be an artifact of fixation or because of slight "ruffling" of the filter.
Production of superoxide was enhanced by growing cells on Transwells and by using collagen I to coat the filters, relative to tissue culture plastic. These changes were not due to differences in the proportion of mucous cells between the preparations, and they seem at least in part to be due to differences in protein expression, as evidenced by immunoblotting for p67-phox, which is an important component of the NADPH oxidase. 27 If it is accepted that NADPH oxidase activity is an important differentiated function of gastric surface cells, then it appears that differentiation is enhanced by growing cells on Transwells and coating them with collagen. Although there was no difference in NADPH oxidase activity between cells grown on collagen I and collagen IV, in the latter case there was a clear apical direction of superoxide release. This appears to be the first demonstration that superoxide production by gastric cells is polarized towards the gastric lumen, and it may reflect an interaction between tight-junction formation and apical/ basal direction of cellular proteins. 23 This result indicates that cells grown on a collagen IV matrix show a greater development of polarity that cells grown on collagen I.
Distinction between collagen I and collagen IV
In summary, the justification for using collagen IV compared to collagen I as a matrix for the culture model is that although the type of collagen does not affect the synthesis of glycoprotein or the activity of NADPH oxidase, it does affect the "tightness" and polarity of the monolayer, both of which are key features of the model. The increased TEER and reduced mannitol permeability, in collagen IV-relative to collagen I-supported monolayers, are indicators of better tight-junction formation. The apical preponderance of superoxide production by monolayers grown on collagen IV indicates better polarity.
Resistance to apical acid
The increase in pH of the apical medium during the incubation was probably caused by bicarbonate secretion, which is a physiological property of gastric surface cells. 8 The rate of bicarbonate secretion was such that only when the initial pH was 4 or above was the pH brought close to 7 during the incubation. The transient decrease in pH did, however, cause a reduction in paracellular permeability through tight junctions, with an accompanying increase in TEER. Such effects were greater with a sustained reduction in apical pH achieved by acidification to pH 3. Further reduction in pH caused disruption of the monolayer, as evidenced by reduced TEER and increased mannitol flux relative to pH 7.0. Similar findings have been obtained with intact isolated rabbit gastric mucosa, in which acidification to pH 2.8 produced an increase in TEER, which however declined at pH values less than 2.8. The present preparation therefore seems to exhibit a sensitivity and resistance to acid conditions similar to that of intact gastric mucosa. 28
Screening for effects of NSAIDs
The TEER of control preparations grown on collagen IVcoated Transwells of 12-mm diameter (375 ± 34 [n = 4]) was lower (p < 0.01) than that for equivalent 24-mm Transwells (748 ± 88 [n = 6]). The reasons for this difference are unclear. The seeding density for the 12-mm Transwells (5 × 10 5 cells/cm 2 ), which had the lower TEER, was actually higher than that for the 24-mm Transwells (3.2 × 10 5 cells/cm 2 ). It is therefore unlikely that seeding density leading to lower confluency was responsible for the difference in TEER. Furthermore, the involvement of altered tightjunction functionality in the lower TEER of 12-mm Transwells is unclear because it was not associated with an increased permeability to mannitol.
The increased TEER and reduced mannitol permeability seen with 1 mM diclofenac and niflumic acid relative to controls is a strong indication that these compounds modulated tight-junction functionality. Mefenamic acid has some structural similarity to niflumic acid and diclofenac, but with mefenamic acid a small but significant increase in TEER was the only effect observed. Clarification of structure-activity relationships, which will involve doseresponse curves, is beyond the scope of this work, which is primarily involved with proof of concept that the model can discriminate between compounds.
NSAIDs cause damage in vivo. 11 The bile salt chenodeoxycholate was therefore included as a positive control 19 and at low concentration produced an expected reduction in TEER and an increased permeability of mannitol. By contrast, there was no effect on permeability of propranolol, or on the MTT assay, which therefore seem less sensitive indicators of damage. A higher concentration of chenodeoxycholate reduced the MTT assay result, but permeability of propranolol could not be assessed because the very large excess of disintegrations per minute from [ 14 C]mannitol prevented accurate estimation of [ 3 H] by dual-label scintillation counting. Although the assays could clearly detect damage to the model, the only evidence that such damage could be induced by NSAIDs was the irreversible effect of 1 mM indomethacin on permeability of mannitol. Indomethacin causes acute histological damage to human gastric mucosa in vivo, 29 but it does not seem to be unique among NSAIDs in this property. 30 Although the anticipated general effect of NSAIDs to cause damage did not material-ize, we would emphasize that this does not invalidate the preparation as a model for the gastric epithelial cell surface. It may be that damage by NSAIDs to surface cells in vivo only occurs because there is an intact mucosa consisting of gastric glands, blood vessels, and muscle layers underneath. Thus, recent evidence suggests that damage by NSAIDs may require inhibition of cyclooxygenase-2 in gastric endothelial cells as well as inhibition of cylooxygenase-1 in mucosal cells. 31 
Evaluation of the model
The intention of the work is to model the surface of the human gastric epithelium since this represents a major component of the gastric barrier and is the region of the stomach that makes contact with the contents of the gastric lumen. The preparation exhibits essential features of the gastric surface epithelium such as a high TEER, mucous secretion, and resistance to apical acid. However, there are areas of uncertainty. As far as we are aware, there is at present no definitive evidence for or against guinea pig cells being good models of human gastric cells. Although basic functionality seems similar, 4 quantitative data is lacking with which to make comparisons. Another area of uncertainty is that although the guinea pig monolayers clearly secrete mucin in the apical direction, we have so far been unable to detect a stable mucus layer as is found in vivo.
CONCLUSION
The ideal, from the point of view of screening compounds and dosage forms for their effect on the integrity of the gastric barrier and for assessing their effects on cellular viability and on gastric paracellular permeability, would be to have a preparation involving a human gastric epithelial cell line somewhat analogous to the Caco-2 model of intestinal epithelium. However, all of the human cell lines that are available are from adenocarcinomas, are relatively poorly differentiated, and as far as we are aware have not been grown as polarized monolayers on Transwells. Nontumoral gastric epithelial cell lines, such as IMGE-5 22 and GSM06 32 , derived from transgenic mice expressing a themosensitive large T antigen of SV40, have been grown on Transwells, but resistances are only 150 Ω•cm 2 and 75 Ω•cm 2 , respectively, the IMGE-5 cells do not manufacture mucin, and neither preparation has been shown to resist apical acidification. The present preparation represents a major step toward modeling the gastric epithelial surface in a manner suitable for screening drugs and dosage forms for their effects on the integrity of the gastric barrier. It should prove useful to examine transfer into and across the gastric epithelium and, as shown here, to screen for the effects of drugs and dosage forms on cellular viability and on gastric paracellular permeability. Furthermore, its resistance to acid will enable examination of the effect of pH on drug uptake, particularly the possibility of intracellular trapping of drugs with a low pKa.
